Abstract: Reaction of benzaldehyde with ethyl cyanoformate in the presence of Lewis acidic Ti(IV) complexes of bispyridylamide or salen ligands and Lewis basic amines affords the O-alkoxycarbonylated cyanohydrin. In the presence of the salen-based catalytic system, acetyl cyanide can also be added to benzaldehyde, providing a highly enantioselective direct route to the O-acetylated cyanohydrin.
INTRODUCTION
Enantioselective cyanations of carbonyl compounds have been the subject of intensive recent investigations due to the synthetic usefulness of the products obtained [1] . Although versatile synthetic routes to cyanohydrins have been known for more than 100 years [2] and the first asymmetric addition of HCN was already achieved by Rosenthaler in 1908 [3] , it is only recently that efficient enantioselective processes have been developed. The asymmetry in the products has been introduced using enzymes, organocatalysts, or metal catalysts. Among these, a variety of chiral metal catalysts have proven to be particularly successful, providing highly enantioenriched products from aldehydes as well as ketones.
Trimethylsilyl cyanide (TMSCN) has most commonly been used as the source of cyanide ions. In contrast to reactions using potassium or sodium cyanide, additions of TMSCN afford direct access to O-silylated cyanohydrins and are therefore irreversible, thus permitting higher ee values to be achieved. Direct access to other O-functionalized derivatives is also desirable for the preparation of a variety of natural and synthetic products. Therefore, cyanoformates [4] and cyanophosphonates [5] , providing enantioenriched cyanohydrin-O-carbonates and phosphonates, respectively, have been used in combination with chiral Lewis acid catalysts. While nonracemic O-acetylated derivatives have been obtained by reaction of aldehydes with potassium cyanide in the presence of an anhydride in reactions catalyzed by Ti(IV) and V(V) salen complexes [6] , no enantioselective direct additions of acetyl cyanide or other acyl cyanides [7] to aldehydes were known when we started our studies.
We have previously investigated silylcyanations of aldehydes catalyzed by bispyridylamides [8] complexed to Ti(IV) and Zr(IV) [9] . Although reactions using TMSCN gave high yields of O-silyl protected cyanohydrins with moderate enantioselectivity (up to 70 % ee at room temperature), no reaction was observed when TMSCN was replaced by ethyl cyanoformate. We therefore decided to attempt to *Pure Appl. Chem. 78, 197-523. An issue of reviews and research papers based on lectures presented at the 13 th IUPAC International Symposium on Organometallic Chemistry Directed Towards Organic Synthesis (OMCOS-13), Geneva, Switzerland, 17-21 July 2005. ‡ Corresponding author modify the catalytic system by the addition of Lewis bases, which were assumed to be able to activate the cyanoformate.
LEWIS ACID-LEWIS BASE ACTIVATION
Cyanation of carbonyl compounds can be catalyzed by Lewis acids and Lewis bases [10] alone, although dual Lewis acid-Lewis base activation has proven to often result in more efficient formation of products [11] . Thus, Corey demonstrated that a mixture of a bisoxazoline and its magnesium complex catalyzed the addition by dual activation [12] . Highly enantioselective additions were later achieved in the presence of achiral phosphine oxides, which activate the silyl cyanide, and chiral aluminum binol complexes, which activate the carbonyl compound [13] . The Lewis basic and Lewis acidic sites were also successfully incorporated into the same molecule [13] . The phosphine oxide function could be replaced by an amino group [14] , and the binol group by carbohydrate-derived diol functions [15] to afford enantioselective bifunctional catalysts. Dual activation has also been observed in additions of cyanoformates [16] and cyanophosphonates [5] to carbonyl groups.
Ti-bispyridylamide complexes
The addition of ethyl cyanoformate (2) to benzaldehyde (1) in the presence of Lewis acidic bispyridylamide (6) complexes and Lewis bases was thus studied (Scheme 1). We were pleased to find that the addition of ethyl cyanoformate occurred smoothly in the presence of 4 mol % Ti(OiPr) 4 /6 and 2 mol % of dimethylaminopyridine (DMAP) to provide the product with 70 % conversion and 58 % ee at room temperature [17] .
Ti-salen complexes
Encouraged by these results, we decided to study the effect of Lewis base activation on the addition of ethyl cyanoformate using Ti-salen dimer 7, which has been demonstrated to catalyze highly enantioselective additions of TMSCN [18] as well as cyanoformate [4] to several aldehydes. In the presence of 10 mol % of DMAP, the reaction of benzaldehyde with 2 equiv of 2 catalyzed by 5 mol % of dimer 7, occurred within 4 h as compared to 18 h at -42 °C [4] without DMAP, with only a minor loss in selectivity (from 95 to 93 % ee). By lowering the amount of 2, the selectivity was increased without any larger change in activity (Table 1 , entry 1). The use of different achiral and chiral Lewis bases was studied (entries 2-4). Et 3 N and diisopropylethylamine (DIEA) gave essentially quantitative conversions within 3 h. The chiral bases did not offer any advantages, and replacing 7 with ent-7 had only a minor effect on the reaction outcome (entries 5-8) [19] . 
Acetyl cyanide
Acetyl cyanide (3) did not add to benzaldehyde in the presence of only 7 at -40 °C, although at higher temperatures a slow nonselective reaction took place ( Table 2 , entries 1 and 2). By adding DMAP, the reaction occurred smoothly at -40 °C (entry 3). Activation by DABCO, Et 3 N, and DIEA was effective, but the use of DIEA led to decreased selectivity (entries 5-7). Use of chiral bases had little effect on the enantioselectivity, and, consequently, replacement of 7 with ent-7 had no larger influence on the reaction outcome (entries 8-11) [19] . In the presence of only Lewis base, a slow reaction occurred and low enantioselectivity was achieved with chiral Lewis bases ( Table 3) . This demonstrates that a dual Lewis acid-Lewis base activation is necessary for the reaction to take place efficiently [19] . 
Variation in enantiomeric excess
During our studies of TMSCN additions to benzaldehyde catalyzed by Ti(IV)-bispyridylamide complexes, we found that the enantiomeric excess (ee) increased over time [9] . Addition of enantioenriched product to the reaction mixture had no effect on this decreased enantioselectivity in the initial part of the reaction, nor did it slow addition of benzaldehyde. A reasonable explanation seemed to be that formation of a catalyst exhibiting higher enantioselectivity took place slowly during the catalytic process. Indeed, we found that when benzaldehyde was reacted with TMSCN with a catalyst that previously had been employed for the silylcyanation of valeraldehyde, only a minor variation of ee with time was observed and higher selectivity was obtained (79 % ee as compared to 70 % under normal conditions) [20] . A similar variation in ee has been reported by Belokon, North, and coworkers in cyanations employing a monomeric Ti-salen complex [18] and as well with a dimeric Ti-salen complex [21] .
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An increase in enantioselectivity with time was also observed using 2 or 3 in cyanations of benzaldehyde mediated by 7 and DMAP (Fig. 1) [22] . Reactions with 2 as cyanide source resulted in a smaller change in ee with time than those with 3 as the cyanide source. From this observation, we conclude that also with our bifunctional Lewis acid-Lewis base system the selective catalyst is formed slowly during the reaction.
CONCLUSIONS
Highly enantioselective additions of ethyl cyanoformate and acetyl cyanide were achieved employing dual Lewis acid-Lewis base activation, providing direct access to O-alkoxycarbonylated and O-acetylated cyanohydrins. Optimization of reaction conditions was achieved by varying the nature of the Lewis base, making the reactions suitable for efficient high-throughput screening using normal laboratory equipment or microreactors, thereby minimizing the consumption of reagents and consumables [23] .
